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2 ,3 , 7 ,8-Tetr achlorodibenzo-p-dioxin (TCDD) is the 
prototype for a group of halogenated aromatic hydro-
ca rbons which can be potent modulators of growth and 
differentiation of e pithelia l tissues. TCDD causes chlor-
acne and can act as a skin tumor promoter, but these 
a ctions have been demonstrated only in animals in which 
TCDD ca uses epidermal hyperplasia. Study of the hy-
pe rplastic r esponse to TCDD has been hampered by lack 
of an in vitro model; all previous investigations indi-
cated that T CDD had no in vitro e ffect on cell growth. 
We show he re that nanomolar concentrations of TCDD 
cause hype rplasia in confluent cultures of huma n k e r a -
t inocytes and su ggest that t his model system will be 
useful for analyzing mechanis ms of T CDD-induced epi-
t he lia l h yperplasia and genetic diffe r e nces in respon-
sive ness to TCDD. 
2,3,7,8-T etrachlorodibenzo-p-dioxin (TCDD) is the proto-
type [l - 3] for a group of halogenated aromatic hydrocarbons 
which can be poten t modulators of growt h and different iat ion 
of epitheli a l t issues. Abnormal growt h a nd/or different iation of 
epi t helial tissues are characteristic and sensitive indicators of 
exposure to TCDD and these responses to T CDD are organ-
spec ific a nd species-spec ific [3- 5]. In huma ns, t he most fre-
quently obse rved and best-described responses to T CDD are 
hyperplasia of t he ep idermis [6] a nd chloracne [7,8], a condi t ion 
in which hyperplasia of t he epi t helium at t he infundibulum of 
t he hair follicle is an early hi stopathologic change. 
T he capac ity of a n anima l to deve lop epidermal hyperplasia 
in response to TCDD may have important biologic implications. 
TCDD causes epidermal hyperplasia in a limited number of 
species [3-5], including humans [6]. Species such as humans, 
monkeys, and rabbits which develop epidermal hyperpl asia in 
response to T CDD are suscept ible to T CDD-induced chlorac ne, 
whereas species such as rats, guinea pigs, and most mice which 
do not develop epidermal hype rplasia in response to T CDD 
also do not get chloracne- like lesions after exposure to T CDD 
[3 J. T he only mouse in which TCDD has been reported to act 
as a promoter of skin tumors [91 is one of t he few mouse 
mutants in which T CDD causes epidermal hyperplasia [10] . 
Study of t he hyperplastic response to T CDD has been ham-
pered by lack of an in vitro model. Despite t he fact t hat T CDD 
causes in vivo hyperpl asia in several epit helial tissues, it has 
had no in vit ro growt h promoting effect in the 30 cell lines 
tested, including epi theli a l cell lines, primary fibrobl asts, and 
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t ransformed ce lls from huma ns, monkeys, rabbits, mice, a nd 
rats [10- 13). There have been no reports of a n effect of T CDD 
on morphology of cul tured cell s except in murine XB teratoma 
cell s, in which altered stainabili ty with Rhodanile blue sug-
gested t hat it increased t he extent of keratinization [14]. 
Confluent cul tures of human foreskin kera t inocyt es can re-
veal pharmacologic actions of drugs on growt h a nd differentia-
t ion that elude detection in nonco nf1uent cul tures [15,16] . In 
t he course of studying populat ion dynamics in confluent cul-
tures, we found t hat retinoic acid stimulated desquamation 
[15]. We therefore sought an agent t hat would inhibit desqua-
mation, t hat is, one that would have an effect opposite to t hat 
of retinoic ac id. T CDD causes epidermal acant hosis in vivo a nd 
a disease, chlorac ne, that can be t reated by stimulating desqua-
mation wi t h retinoic ac id . Thus, we t hought t hat T CDD might 
act by inhibiting desqua mation. 
MATERIALS AND METHODS 
Cell Culture 
Neonata l huma n f'01·eskin keratinocytes were isola ted a nd grown to 
confluence afte r one passage in vit ro a prev iously described [15]. In 
b ri ef, keratinocytes isolated by overnight t rypsi ni zation at 4•c were 
plated in to dishes conta ining lethally irrad iated 3T 3 ce lls in Oulbecco's 
modified Eagle's medium (G ibco) cont.a in ing 20% fetal bovine serum 
(Flow). 0.4 g/ml hyd roco rt isone a nd ant ibiotics. Cul tures in 28-cm2 
d ishes we re used fo r experiments 1 week a fte r becoming con lluent. 
T hymidine Incorporation 
Thym id ine incorporation was mea~ured by scin t illation counting of 
cold trichloroacetic ac id-insoluble, hot perchlo ric ac id-soluble ma te ria l 
recove red from dishes incubated for 2 h at 07 •C with 5 11Ci/ ml 1 met hyi-
"H[dThd (New England Nuclea r, 2 Ci/ mmol) [l!i[ . 
Protein Uet.erminotion 
Cell prote in was measured by our mod ifica tion [151 of the method 
of Bramha ll et a l. 
T CJJD 
T CD D was obta ined from KOR Chemicals dissolved in aniso le. 
Anisole was evaporated from a liquots of the solu t ion a t 5o·c a nd the 
T COO was redi ssolved in etha nol for use in cultures. 
RESULTS 
Cultures of newborn foreskin kera t inocytes are established 
on a feeder laye r of irradiated 3T 3 cells [1 7] and after the first 
passage allowed to grow to confluence prior to testin g. The 
epidermal cells in t hese cult ures have displaced all the 3T 3 cells 
from t he dish and are stratified with t he proliferating ce lls 
located in t he layers closest to the bot tom of the dish [16]. For 
seve ra l weeks afte r becoming conf1uent, t hese cul tures proli f-
erate a t a constant rate and shed different iated cells in to the 
culture medium at a constant rate [15,16]. Each experiment 
described below was performed on ce lls derived from a single 
foreskin . 
T CDD causes a dose-dependent stimulation of t hymidine 
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incorporation into DNA in confluent cultures of huma n k e ra-
t inocytes. M ax imum s timulatio n occurs at a TCDD concentra-
tion of 3. 1 X 10-\> M (Fig 1). It is impo rtan t to n ote t hat t hese 
conf1ue n t cultures of ke ratinocytes have s ignificant basal levels 
of thymidine incorpo ra tion, unlike conflue nt fibroblast cul t ures 
in which growth a nd t hy midine incorporat ion are con tact in -
hibite d (18). Thus, t he TCDD e ffect represents a supra no rm a l 
effect ra the r than restoration of n o rma l activi ty. Max imum 
stimulat io n o f t hy midine incorporation occurs 50 h afte r a 
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TCDD CONCENTRATION (MOLAR) 
F tC. 1. Dose- response for T CD D effect on thymidine ('H -TdR) in -
co rpo ration by kerat inocytes. Confluent cultures were treated for 48 h 
w it h indicated concentrations of T CDD and then pulsed 2 h with 5 
llC i/ ml t hymidine (2 Ci/ mmol ). Thymid ine incorporation in to DNA 
(cold TCA -insoluble, hot P CA-solubl e maten al) was measured by sc1n -
t illation counting. T hymidine in t he T CA-so luble pools was t he sa me 
in TCDD- trea t.ed and co ntro l cultures. Each poin t is the mean of 3 
dis h es± SD. F'irst point is et hanoi control. 
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F IG 2. Time course of T CD D effect on t hymid ine ('H-TdR) inco r-
poration by kerat inocytes. Co nf1uent cultures received T CDD (3.1 X 
J.0-9 M ) or ethanol in complete med ium at t ime zero. Pairs of dishes 
were pulsed 2 h with thymidine at ind ica ted t imes. Resu lt s a re ex-
pressed as perce nt of et ha noi control assayed a t same t ime. 
10 
"' 0 9 
" 8 
I 
(f) 
0 7 
.... 
0 6 
w 
u 
:::> 5 
0 
0 
a: 4 
0.. 
~ 3 
__J 
w 2 
u 
4 6 6 10 12 14 
Tl ME (DAYS ) 
~ 
w ,_ 
0 
a: 
0.. 
2 4 6 6 10 12 14 
TIME I DAYS ) 
F'IG :3. Effect of TCDD on cell production and protein conten t. in 
co nfluent ke ra t.inocyte cultures. o, Trvpsin -dissocia t.ed ce lls from the 
st ratified epithelia a nd desquamated ce ll s collected from the culture 
medium were counted in a hemocytomete r. Each poin t is the sum of 
ce lls in the st ratified epitheliu m at a given time, minus the ce lls in the 
strati fi ed epithelium at t ime ze ro, plus the cumulative tota l of ce lls 
shed in to t.he medium between indica ted t ime a nd time zero. b, Sheets 
of strat ified epithelia l ce lls were ha rvested with a rubber police ma n, 
sonicated, and duplicate aliquot.s measured for protei n as previously 
desc ribed (1 5). Points represe nt mea n of 3 d ishes± SEM. e =Ethanol 
control; A = :3. \ x 10_,, M T CDD added twice a week with earh medium 
change; 0 3.1 x 10- 0 M TCDD added on day zero only . 
CONTROL CHASE 
0.3nM 3nM 
FH; 4. Dose response for TCDD effect on morphology of keratino-
cyte cultures. Confluent cultures were t reated for 2 weeks with indicated 
con cent rations of T CDD and then sta ined with Rhoda nile blue. Dish 
labeled chase was treated for 2 wee ks with 3 x 10- 111 M T CDD, returned 
to r.o ntrol merlium for an add itional 2 weeks, and then sta ined. 
s ingle t reatm ent with TCDD (Fig 2). Th is lag in peak t hymidine 
m corporatio n is nearly 24 h lon ger t han t hat seen in serum-
starved co nflue nt ke ratinocyte cul t ures t hat a re fed serum 
(unpublis hed d ata). 
Addition a l expe rim e n ts demonstrate t hat t h e stimulatio n of 
t h y midine inco rporation into DNA t ruly ref1ects increased 
proliferation . The resul t of t his e ffect of TCDD is a m orpho -
logtca lly a nd dy n a mically h yperplastic epit h elium. Total cell 
p roduction in t hese conflue n t, con t inuously desqua matin g cul -
t ures is stimulated b y T CDD (Fig 3a). The diffe rence b etween 
TCDD-treated a nd co n tro l cu lt ures is detectable afte r 4 days 
of treatm en t a nd can be attribu ted mainly to a n increase in t h e 
numbe r of cell s in t he stratified epit h e lium (d ata not s h own ). 
Total prote in can b e used to estimate this effect on t h e strati fi ed 
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epithelium. Prote in increases after a single treatment with 
TCDD but is more marked and persistent if the cultures are 
re-treated at each medium change (Fig 3b) . 
Desquamation of different iated ce lls from the stratified epi-
t helium, assayed by counting cells in the medium at each 
medium change, is the same in T CDD-treated cultures and 
controls during the first week of treatment. Thereafter, the rate 
of desquamation in treated cultures is increased compared to 
control s (data not shown) . These observations a re inconsistent 
with our original hypothesis t hat T CDD acts by inhibiting 
desquamation, but support the conclusion that TCDD treat-
ment causes a dynamically hyperplastic epithelium. 
T CDD also alte rs the gross and microscopic morphology of 
keratinocyte cul tures . Transverse sections (not shown) t hrough 
the stratified epithelia, released intact from the dish with the 
enzyme Dispase [19], confirm that TCDD-treated epithelia are 
thicker than cont rols , commensurate with the increase in dis-
persed cell counts and protein determinations. In addition, the 
intensity and patte rn of staining of the epithelia in situ is 
altered by T CDD treatment. Fig 4 shows cultures stained with 
Rhodanile blue after 2 weeks of treatment with different con-
centrations of T CDD. Maximum staining and an increased 
whorling pattern are seen at 3.1 X 10-9 M TCDD. The increased 
whorling pattern is detectable within 4- 5 days of instituting 
T CDD treatment (data not shown) and persists for several 
weeks afte r T CDD is omitted from the fresh cu lture medium 
(Fig 4, dish labeled "chase"). This whorled pattern is a sensitive 
indicator of an effect of TCDD on epithelial morphology; 
however it is not specific for TCDD since epidermal growth 
factor [20] and retinoic acid (21] also stimulate whorling. 
DISCUSSION 
These data show that TCDD stimulates keratinocyte prolif-
eration which results in a dynamically and morphologically 
hyperplastic epithelium. This first demonstration of an in vitro 
growth-promoting effect of TCDD provides evidence that 
TCDD has a direct effect on epithelial growth t hat is not 
mediated by changes in circulating growth factors or tissue-
tissue interactions. 
The mechanism by which TCDD produces changes in growth 
and differentiation of epithelia is not known. TCDD is a potent 
inducer of microsomal enzymes such as aryl hydrocarbon hy-
droxylase (AHH) and this response is mediated by a cytosolic 
receptor for TCDD [3]. Yet the relationship between microso-
mal enzyme induction and the effect of TCDD on epithelial 
growth remains unclear. Cells in culture which do not show 
changes in growth or morphology in response to TCDD none-
theless can exhibi t good induction of AHH activity by TCDD 
[12,13]. 
The ability of TCDD to induce a hyperplastic response in 
mouse skin can be genetically segregated from its ability to 
induce AHH activity [10]. TCDD induces AHH activity in the 
skin of HRS/J mice carrying a high-affinity cytosolic receptor 
for TCDD. Yet only hr/hr mutants of HRS/J mice develop 
epidermal hyperplasia in response to TCDD, and are also the 
only HRS/J mice in which TCDD has been reported to act as 
a tumor promoter [9] . Thus, the hyperplastic response to TCDD 
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may be a better predictor of susceptibility to T CDD -induced 
tumor promotion than the AHH response. Confluent cultures 
of normal keratinocytes may provide a uniquely valuable sys-
tem for studying the genetics of susceptibility to TCDD-in-
duced hyperplasia as well as the mechanisms by which TCDD 
and related chemicals inf1uence growth and differentiation o f 
epithelial ce ll s. 
The authors t hank Mrs. J ill Hurlburt for typing the manuscript. 
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